Particle enhanced light scattering immunoassay D J Newman, H Henneberry and C P Price
In 1983 Price et al. published a review of light scattering immunoassay. I This suggested that the future of this form of homogeneous immunoassay would lie with improvements in particle enhancement. In the last few years these improvements have occurred and it is now pertinent to write a review complementary to the first, but now devoted entirely to particle enhanced assays.
HISTORICAL INTRODUCTION
Particle enhanced immunoassays have been in use since the 1920s. In 1925 Jules Freund published an article demonstrating that, if soluble proteins were adsorbed onto the surfaces of small particles they would agglutinate when mixed with antisera raised against the protein.! Freund used tubercle bacteria for his particle and was then followed by several other workers.v ' What were probably the first synthetic particles were reported in the 1920s by Loeb, who used collodion, a form of nitrocellulose.' Their use became more widespread following the work of Cannon and Marshall in the 1940s 6 who demonstrated the usefulness of coupling antigen to particles as a rapid means of evaluating the titre of antisera, particularly in the development of a test for anti-tuberculin sera. In 1943 Cavelti explored some of the characteristics of collodion particles that were important in enabling specific antibody mediated aggregations to occur. 7 From these earliest days workers became aware of one of the major problems of particle based assays, that of non-specific aggregation, a problem that still requires careful attention today. This review was commissioned by the Analytical Investigations Sub-committee of the Scientific Committee of the Association of Clinical Biochemists, but does not necessarily represent their views.
Correspondence: Dr 0 J Newman. 22 In 1951 Boyden found that a protein could be adsorbed on to the surface of erythrocytes which had been previously treated with tannic acid. 8 This was a modification of earlier observations by Meyer and then Waaler concerning the agglutination of sensitized sheep red blood cells by the sera of patients with rheumatoid arthritis.P-" These observations had been first formulated into a diagnostic test for rheumatoid arthritis in 1948 by Rose and coworkers, several years before Boyden. Boyden's approach resulted in the first agglutination inhibition test for HCG employed as a pregnancy test.!':"
Difficulties associated with the use of such a complex organic structure as the erythrocyte, included multiple surface antigens, inconsistency of tit res even when using cells from the same animal and storage difficulties, which resulted in differing degrees of agglutination. 13, 14 Boyden's work attempted to overcome some of these problems but tannic acid treatment is laborious and cannot remove the non-specific agglutination caused by the complexity of the cell surface antigens.
The problems with erythrocytes led to a search for simpler structures to form the basis of immunoaggregation reactions. Singer and Plotz, in 1956 , published a now classic paper on the use of latex particles. 15 Uniform latex particles had been discovered in 1947 purely by chance when an electron-microscopist at the University of Michigan was looking at a sample of polystyrene latex sent from the Dow Chemical Company." These particles turned out to be unique and were first used as an internal standard for electronmicroscopy. Reliable production of these particles was first achieved in 1952 and soon a,wide range of particle sizes, each with a narrow size distribution, became available. 17 Until the advent of uniform latex particles and for several decades afterwards, particle enhanced agglutination assays were at best only semiquantitative. 18, 19 Particle based assays gained in popularity in ( a ) the early 1960s and were predominantly based on a slide test format where the agglutination endpoint was monitored by visual inspection. There was a variety of semi-quantitative assays using latex particles and erythrocytes (haemagglutination and haemagglutination inhibition)19-21 in widespread use; more recent developments have concentrated on improving particles for visual analysis with coloured latexes and metal oxide particles. [22] [23] [24] [25] Advances in automated light ( b ) scattering instrumentation in the 1970s and early 80s have prompted a re-evaluation of particle enhanced assays to render them fully quantitative and it is with these advances that we shall mostly be concerned in this review. [26] [27] [28] What more can particle enhancement offer, when non-enhanced assays have such a wide spread acceptance, are fully automated, fully quantitative and require less reagent preparation? This review will attempt to answer this question ( c ) and demonstrate how particle enhancement can offer a wider range of assays, both protein and hapten, lower assay detection limits and a better overall assay performance with a wider range of delivery formats.
LIGHT SCATTERING THEORY IN RELATION TO PARTICLES
The basic theory of light scattering has been well described in previous reviews, having been first described by Rayleigh in 1871. 29 ,30 When monochromatic light of intensity (10) and wavelength (>..) falls on a small particle, the intensity of scattered light at an angle (rI» from the direction of the incident light can be described by Rayleigh's formula, as long as the particle size is small compared with the wavelength of light used. FIGURE 1. A diagramatic representation of light scattering distribution from a single scattering source, and the change in application of different scattering models. The arrow represents the intensity of light scattered in one direction and the envelope represents the overall scattering distribution. (a) Rayleigh-particle size much less than wavelength; (b) Rayleigh-Debyeparticle size slightly less than wavelength; (c) Mieparticle size equal to or greater than wavelength.
irl> is the intensity of scattered light, r the distance from the particle to the observation position, v is the number of molecules per unit volume and a the molecular polarizability. As this equation does not contain any term which depends on the plane of polarization of the light, it applies to unpolarized as well as to polarized light. However, light that is scattered by a particle will, to some extent become polarized. The equation represents an intensity distribution that is rather 'dumb-bell' shaped ( Fig. 1 ). When the size of the particle viewed approaches that of the wavelength of the light used to monitor it, the scattering of the light no longer follows Rayleigh scattering; as the particles get larger the scattering intensity distribution changes.
With non-enhanced light scattering immunoassay, the immunoaggregates eventually reach a size of 50-100 nm. As the aggregate starts to form, light will be scattered approximately according to Rayleigh's theory but as the aggregate grows scattering will move into the Rayleigh-Debye region if a high enough wavelength is not used to monitor the reaction. Table 1 gives the range of particle sizes that can be encountered and demonstrates the effect of different wavelengths on the scattering models that are followed. In the Rayleigh-Debye region of light scattering the light measured is a mixture of diffused and diffracted light. Factors such as shape, dimension, refractive index and polydispersity of the particles influence the intensity of light scattered." For maximal light scattering in this region uniform shape and size with a high refractive index difference between particle and surrounding medium are required. Refractive indices of various plastic polymers are shown in Table 2 . Figure 1 shows the effect of angle of measurement and polydispersity on nephelometric and turbidimetric light signals.
From this it can be seen that when particles are used to enhance light scattering most of the scattering will be in the Rayleigh-Debye region and this fact has to be considered when designing a light scattering instrument, especially a nephelometer. shown earlier suggest that turbidimetric measurement will be more robust to changes in the light scattering model followed. For nephelometry, forward angles of scatter will be much better in following scattering reactions that move through the Rayleigh-Debye region, 90°n ephelometry will thus have serious limitations for particle enhanced assays. Unfortunately forward scattering optical systems are harder to construct but several manufacturers now have forward scattering nephelorneters.P Dedicated instrumentation is thus required for nephelometry, whereas turbidimetry is more broadly applicable.
PARTICLE SELECTION AND DETECTION SYSTEMS
There are a number of detection systems used in light scattering immunoassay, some of which are alluded to in this review and are covered in earlier reviews. 1, 32, 33 The individual techniques will thus be discussed here only in regards to their relative merits for particle enhanced assays. Table 3 gives an idea of the detection limits of the available detection systems, not all of which could be considered as established, but the list includes possible future developments.
Visual observation
Particles have been used with visual endpoints in sizes ranging from a few nanometres to several microns." The smaller particles can only be used FIGURE 2. Assay sensitivity is determined by the ability to detect early changes in aggregation, i.e., duplex formation. A doubling in size of a particle of < 1 um, when measured at 340 nm, gives the greatest change in turbidimetric signal.
where there is a significant colour change, as they aggregate, e.g., gold sols. Larger particles of several hundred nanometres upwards can be seen visibly to agglutinate when viewed against a dark background. as has been the case in a number of semi-quantitative slide format assays. The major limitation of visual endpoints, is that the only quantitation possible is to use serial dilutions of the test fluid and to look for the disappearance of aggregation.
Turbidimetry and nephelometry Some of the constraints on instrument design introduced by the use of particles were alluded to in the earlier section on the theory of light scattering. Attempts have been made to design an optimal particle for turbidimetric monitoring of immunoaggregation reactions. Litchfield et at.
claim that for the lowest detection limits particles should be in the range 40-70 nm in size, have a high refractive index but low absorbance at the wavelength of light used. 35, 36 They provided some evidence that minimum detection limits are achieved if the wavelength of light used was of the order of 340 nm (Fig. 2 ). Further work by our group using the Litchfield particles has confirmed these claimsY-39 This particle size range is significantly smaller than those used by most groups of workers.P-" It should be noted that the refractive index of the particle is only of significant importance when Rayleigh-Debye light scattering behaviour is followed and not in the Rayleigh region.
Recent attempts, by Kaprneyer et a/.,4O to design an optimal particle for nephelometric immunoassay, has resulted in a particle of 180 nm in diameter, being of larger size than those of Litchfield et a/. 36 Additionally a group in Japan has recently published their work with even larger particles for use with light scattering in the infrared region on the spectrum.P Electrophoretic light scattering Electrophoretic mobility from which the zetapotential can be derived is measured by electrophoretic light scattering (ELS). Direct measurement of mobility can be used to follow aggregation reactions as there are changes in charge as complexes form. 48 -5o If a colloidal particle moves there is a fixed electrical double layer surrounding it and this causes some solvent molecules in the outer part of this double layer to move with it as a single unit. At the boundary of this layer there is an electrical potential and Photon-correlation spectroscopy Photon-correlation spectroscopy (PCS) or quasielastic light scattering, is a technique that monitors particle size by measuring the small distances that they move under the influence of Brownian motion. Larger particles will move more slowly than smaller ones, and PCS can be used to monitor particle sizes in the range 3 to 5000 nm. Essentially a PCS instrument consists of a laser light source, a photo-detector and a sophisticated digital computing unit called a correlator. The alignment of light source and detector is as for a nephelometer, but the correlator enables the instrument to monitor the changes in scattering intensity, produced by particle movement, across time intervals (delay times) of the range nano-micro seconds. The correlator software derives an auto-correlation function which is characteristically an exponentially decaying function of delay time. By identifying the different components of this curve a particle size distribution can be generated.P This technique can then be used as a detection system for homogeneous light scattering immunoassays which are extremely sensitive.v'r'" PCS based imrnunoassays generally have greater sensitivity than nephelometric and turbidimetric detection systems although to achieve this longer reaction times are used. .c « the direct agglutination assay (PETlA). Alternatively an antigen can be coupled to the particle and the antibody remains in the solution phase, which is the inhibition of agglutination format (PETlNIA). There is also the dual particle approach where both antigen and antibody are coupled to particles and, finally, there is the measurement of unagglutinated particles that is particle counting (PACIA).
Emulsion polymerization
This process is most appropriate for producing particles that are less than I /Lm in diameter. Essentially the process involves producing detergent micelles, e.g., sodium dodecyl sulphate or Gafac RE610 into which a plastic monomer, most commonly styrene, is introduced. A water soluble polymerization initiator, e.g., potassium persulphate is added and with heating sulphate
Latex particles
The name latex is derived from the milky fluid produced by rubber trees, but all latex particles are derived from the synthetic polymerization of one .or more plastic monomers, e.g., styrene, naphthalene, etc. The size, refractive index and surface chemistry of latex particles is determined by the choice(s) of monomer and the conditions of polymerization. Uniform latex particles can be synthesized across the size range of about 30 nm to several hundred micrometres. In molecular weight terms this represents a molecular weight range of 10 5 to 10 7 . 58 , 59 There are three main polymerization procedures for producing latex particles, each appropriate for different size ranges of particle. 58 ,59 26 Newman. Henneberry and Price this is known as the zeta-potential." ELS is a refinement of PCS in that it monitors the electrophoretic mobility of particles by analysing the doppler shift of laser light scattered by these particles moving in an applied electric field.
Particle counting
This detection technique cannot be used for non-particle enhanced immunoassays as the instrumentation does not have the sensitivity to monitor such small aggregates. Essentially the number of unagglutinated particles is monitored using an instrument first used for counting red blood cells. 52 Most of the work using this detection system has been carried out by Cambiaso, Masson and co-workers, and the system was briefly commercialized as the ACADE system. 53 ,54 This is a fully automated detection system requiring particles that are in the range of 1 /Lm, significantly larger than with turbidimetry and nephelometry. Particle counting immunoassays (P AClA) generally require longer reaction times than turbidimetric systems, but they have proved extremely sensitive with a TSH method published. 55 Despite using two sources of particles, the literature surrounding this technique suggests that its limited use is more due to problems with the particles themselves than the detection system since there are a lot of difficulties with non-specific aggregation reactions and rheumatoid factor interference. 56 If different particle surface chemistries were to be used this might become a more viable automated light scattering detection system. It has also been suggested that counting aggregated particles could produce approximately a lOO-fold increase in sensitivity, although this has yet to be demonstrated.?
PARTICLES
Particles used in light scattering assays range in size from about 5 nm up to several hundred micrometres. Colloidal particles are within the size range I nm to 1 /Lm, i.e. excluding those small single ions at one end and particles that do not remain dispersed by Brownian motion at the other extreme. This definition means that most of the particles used in light scattering assays can be considered as colloidal in nature. Particle assays come in many guises and many acronyms have been applied (Table 4) . Essentially there are four basic formats to which different detection systems can be applied. First, an antibody can be coupled to the particle, which is ImmunoAssay Reverse Passive Agglutination Sol-Particle ImmunoAssay Silver-Enhanced Gold ImmunoAssay Ferric Oxide Agglutination Assay Photoacoustic ImmunoAssay ion free radicals are generated and these react with the plastic monomers to produce monomer freeradicals which can then react with further monomers to initiate polymerization. Average particle size formed can be controlled by the detergent concentration, the amount of monomer and initiator and by careful control of the mixing rate and temperature. From the number of parameters involved in determining particle size the complexity of particle production can be appreciated.
Multiple polymerization steps can be used to increase particle size or to introduce a different shell polymer layer as with the Lichfield or Kapmeyer particles. 36 • 4O The choice of different monomers can be used to modify particle characteristics such as surface chemistry or light scattering behaviour. The importance of particle refractive index to light scattering behaviour was highlighted by the production of poly-vinylnaphthalene core particles by Litchfield et al.
(see the section on light scattering theoryl.:" Monomer can also be selected to introduce active groups into the particle surface, such as COOH (acrylic acid) or NH 2 (acrylamide) or epoxide (glycidyl methacrvlatej.P'?'
Suspension polymerization
This process is designed for producing larger particles than emulsion polymerization, the particle range produced being of the order of 4000 to 90000 nm. The process uses a colloidal suspending reagent such as colloidal silica in the place of a surfactant. 59 
Swollen emulsion polymerization
This technique produces particles in approximately the size range as suspension polymerization but control of the reaction is more precise and the size distributions with this process are much smaller.V Following a relatively simple initial polymerization step sub-micron particles are swollen by addition of a swelling agent such as dodecyl chloride which allows the further uniform addition of more monomer.
Once prepared latex particles are stable (under sterile conditions) almost indefinitely and can be lyophilized if necessary.
Gold sols
There are several examples in the literature of colloidal particles which in principle can be used in immunoassay.P Gold, silver, silver iodide and barium sulphate have all been used but because of its special optical properties, absence in body fluids and a suitable method of preparation, gold sols have been the most extensively investigated.
Gold sol particles are produced by the controlled reduction of an aqueous solution of tetrachloroauric acid using one of a variety of reducing agents. Strong reducing agents such as white phosphorus, citrate-tannic acid or sodium borohydride induce far greater numbers of nuclei than weaker reducing agents such as citrate. The greater the number of nuclei the smaller the ultimate particle size thus stronger reducing agents are used to produce smaller particles. Once produced, gold sols can be stored (following autoclaving) in dark bottles for at least 6 months at 4°C. Gold sols have been prepared in uniform sizes ranging from about 4 to 60 nm. 63
Erythrocytes
Red blood cells (RBC) were amongst the earliest particles used in light scattering immunoassay.8-12 RBC have been used in direct haemagglutination and in haemagglutination inhibition formats, their use continues to this day with a number of recent publications promoting their use. Their overall use has decreased because of difficulties in obtaining consistent batches of cells and their inherent poorer stability than latex particles or gold sols due to their cellular nature. The size of the RBC, 5 JLm, also counts against its use as a particle for use in quantitative light scattering immunoassay as this is not appropriate for achieving highly sensitive assays using light scattering in the wavelength range of 340-630 nm. 64 -66 The selection of the appropriate species of RBC is of considerable importance, and the 'intrinsic agglutinability' of the RBC would appear to be of greatest importance. Within the bovine species there is a variation in this characteristic that is associated with the cell surface charge and hydrophobicity. Trypsin treatment reduced their net surface charge and increases agglutinability. Bovine RBC benefit more from enzyme digestion than sheep, human or donkey; rabbit and porcine cells are unaffected. Choice of which species of RBC can be influenced by the analyte to be measured. Cells are prepared by saline washing of fresh anti-coagulated blood samples. Once prepared free of contaminating plasma proteins the erythrocytes should be used for coupling immediately. 
CHARACTERIZATION OF PARTICLES

Manufacturers/agents
Raw particles available
Latex particles
There are five basic characteristics of a latex particle, size, refractive index, density, surface charge and number of surface reactive groups. The refractive index of the particle depends upon the plastic monomer used to synthesize the particle ( Table 2) , this is thus chosen prior to synthesis.
Particle size
The size of a particle can be controlled during the polymerization reaction, as described previously. Accurate size determination following synthesis can be made in two different ways, first microscopy and usually electron microscopy and secondly photon correlation spectroscopy. 43 The two approaches give slightly different values, with microscopy generally giving the lower estimate.
It is important to remember that even with careful control of the polymerization reaction there will be a size distribution, and one that is approximately gaussian in nature. The standard deviation of this distribution should be as small as possible to provide optimal light scattering performance, Table 5 gives the mean sizes and distributions of some commercially available particles, and Table 6 gives examples of particle suppliers.
Density
The density of a particle is determined by a combination of the plastic monomer and by the particle size. Ideally a neutral density particle is required, that is a density equal to that of the buffer in which the particle is to be suspended. If the particle has a significantlyhigher density than the diluent, agitation may well be required to maintain the particle in suspension. This can result in a less stable reagent.
Surface charge
The surface charge of a particle can be characterized only after adsorbed detergent, used during the polymerization reaction, has been removed. Detergent can be removed using dialysis, centrifugation and washing but best of all by passing the particle over a mixed bed ionexchange resin. 17 This process will also remove any remaining monomers and other reaction products that can remain adsorbed onto the surface of the particle. The permanent ionic groups can be quantitated using conductiometric or potentiometric titrations, with charge density expressed as meq/g of particles or titrateable groups per m-, Potentiometric titration has been suggested as the preferred technique for surface modified particles, e.g., carboxy modified latex (CML) or amide modified latex (AML). 17, 48 Zeta-potential The zeta-potential (see earlier section on electrophoretic light scattering) is greatly influenced by the ionic content of the medium in which the colloid is suspended. The repulsive force between colloidal particles increases with an increasing zeta-potential, thus the higher the potential the more stable the colloid. Measurement of the zeta-potential can thus be useful in optimizing the storage and reaction milieu for particle assays.t? + Insufficient antibody * Optimal antibody FIGURE 3. A diagramatic representation of the optimization of antibody loading on a particle. The ideal, optimal antibody. picture is unlikely to be achieved due to orientation problems which will always occur to some extent.
Coupling to latex particles
Passive adsorption
According to the earliest references passive adsorption of protein onto latex particles is a two phase process." First, small amounts of ligand reagent. 32 The latter is often a protein such as BSA and is used following the initial coupling reaction to block any remaining reactive sites. These can be both reactive groups on the particle surface and areas between these groups to which proteins can non-specifically adsorb. This is of vital importance in minimizing non-specific aggregation reactions by extraneous factors which could react with any remaining free reactive sites on the particles. The main aim of coupling a ligand to a particle is to produce a reagent with the ligand orientated such that it can participate in an immunoaggregation reaction. Although Fig. 3 displays the ideal alternative alignments are equally as likely. Careful control of reagent concentrations appears to be important in producing predominantly active ligands, however it must be realized that a proportion of the ligands will not be able to participate in the agglutination reaction. Alternative approaches to ensuring optimal ligand orientation, with particular reference to antibodies, are discussed in a later section.
Inappropriate orientation
Excess antibody
General approaches to immunoreagent optimization Whatever the particle type (gold sol, latex, erythrocyte) the amount of immunoreagent coated onto the particle requires careful optimization in order to achieve the intended assay detection limit and working range. Whether antibody or antigen is coated onto the particle the amount loaded is critical to assay performance and requires empirical optimization for each new assay. It is not sufficient to simply calculate an excess of protein and to couple the maximal amount, this approach can lead to significant problems as illustrated in Fig. 3 . Excess antibody can result in steric hindrance restricting antigen: antibody complex formation, insufficient antibody can result in slow reaction kinetics and early equivalence point.
Coating requires careful control of reaction pH, detergent concentration and blocking Erythrocytes RBC should be used as fresh as possible; further characterization of the raw material has little further benefit. 66 The cells require more careful handling, than the metal sols or latex particles, to prevent cell lysis. A preparation is required that contains intact cells only.
COUPLING IMMUNOREAGENTS
Gold sols Absorption spectra of gold sols display a single peak in the visible spectrum ranging from 510 to 550 nm. With increasing particle size the wavelength maxima shifts to the higher end of this range, causing a change in colour from pale orange to dark purplish and even brown. Increasing heterogeneity in particle size results in a broadening of the absorbance peak. 62 ,63 Table  6 gives an indication of where these particles can be obtained. neutralize particle surface charge causing spontaneous flocculation, maximal at about 50010 surface coverage. Particle stability is established in the second phase upon further coating of ligand. These comments describe some of the basic problems of working with particles; as the surface charges that repel each other are neutralized by the coupled ligand there is tendency for the particles to aggregate. This tendency must be restrained by use of detergents or blocking ligands to produce a stable particle reagent where electrostatic and hydrophobic forces are balanced and non-specific aggregation prevented. This can be considered to be a balance between the repulsive zeta-potential forces and the electrostatic and hydrophobic attraction of proteins to the particle surface.
Due to the varying pIs of the ligands that are coupled a range of coupling pHs would have been thought to have been appropriate. However in the case of latex particles most of the literature is concerned with the use of glycine buffered saline at pH 8· 2. Reaction pHs have varied more with gold sols as indicated in the later section.P
The best understanding of the passive coupling reaction of antibody to latex particle is that it is wholly pH independent and therefore probably an hydrophobic interaction of the van der Waals-London type. The binding of other ligands does appear to have some pH dependence indicating an electrostatic component, e.g. latex particles and serum albumin. This may relate to differences in the hydration shells of the ligands, IgG being less hydrated. The hydrophobic binding of immunoglobulins renders their binding to latexes much more prone to inhibition by detergents as has been demonstrated by several workers.s" General protocols for passive coupling can leave a proportion of the ligand in free solution, unless it is deliberately removed by a washing step. Some workers have suggested that it can be beneficial to assay detection limits, if some free ligand is left in the particle reagent. 68 The explanation for this is not clear but may be related to the increased mobility of free antibody, which might accelerate the early stages of the immunoaggregation reaction.
Forced adsorption
This technique has not been widely used, its main proponents being Hechemy and co-workers, but it is worth mentioning considering their claims for improving coating reproducibilitv.P-" Essentially the technique requires a precipitating agent, e.g. 95010 ethanol containing O' 5010 sodium acetate, to be added to the latex-ligand reaction. The precipitating agent is used to force ligand onto the latex surface, and is then removed by washing. A final blocking step with BSA is still required following removal of the precipitating reagent.
Covalent coupling
In theory covalent coupling should provide a more stable bond between immunoreagent and particle. It also provides the opportunity for orientating an antibody such that its antigen binding site is in the optimal position. To couple covalently to the surface of a latex particle surface active groups are required the most widely available being carboxyl groups (CML).17.61 Latex particles with carboxyl surface groups are commercially available in a range of sizes from 15 nm to 5 JLm and these can be linked to Nterminal and epsilon amino groups. The second most commonly available surface modified particle has a surface with amide groups (AML) introduced and these are available in sizes of 170 nm to 10 JLm and will react with exposed carboxyl groups on proteins. In addition to carboxyl and amide groups, which require preactivation, stable preactivated particles are also available, e.g. vinylbenzyl chloride, polyacrolein. Of this type of particle chloro-methyl styrene active groups have probably been the most widely used,60,70 but these are not freely available, preactivated particles being only available in dia-meters> 100 nm. One further coupling chemistry produced by Craig et al., and others, utilizes epoxide activated particles, but these require heating to 70°C and are suitable for coupling haptens but not proteins. 7o, 71 Typically the modified surface can be activated, using a variety of chemistries, and then reacted with the ligand but the reverse process is equally possible. The first covalent couplings between CML particles and ligands used water soluble carbodiimides (CDI) as activators and this is probably the most widely used method. 17,61,72 Addition of CD! to CML particles and antibody in solution results in conversion of the COOH to an acylurea which readily reacts with amino groups on the protein. However, since proteins generally also have free COOH groups which can react with any excess CDI cross-linking of protein, with itself, can occur. Care is required with the amount of CDI used as the optimal quantity is dependent upon the density of COOH groups, excess of CDI resulting in aggregation of the particles. In order to avoid this problem two modifications of the direct approach have been developed.
First, active ester intermediates may be formed which are more resistant to hydrolysis and which therefore should result in an increase of proteinparticle conjugates.s' Couplings mediated by CDI alone require a pH optimum of approximately 5 which may adversely affect some proteins whereas active ester CDI conjugates can be produced at physiological pHs. Secondly, activation of particles can be followed by removal of excess CDI prior to addition of protein." Care has to be taken with the activated particles as they will only be stable for a few hours and thus should be used immediately. CDI can also be used to couple diaminoalkanes to COOH groups on CML thereby converting CML to amide modified latex (AML). These can then be coupled to proteins by alternative coupling techniques such as glutaraldehyde."
All cross-linking agents have at least two reactive groups. If the reactive groups are the same then reagent can be termed homobifunctional, e.g. glutaraldehyde, parabenzoquinone, N.N-o-phenylenedimaleimide. bis-succinic acid N-hydroxysuccinic ester (NHS), N-hydroxysulfosuccinamide, or if the reactive groups are different, heterobifunctional, e.g., NHS esters of maleimide derivatives, N-hydroxysuccinimide ester of p-formylbenzoic acid, N-succinimydl-3-(2-pyridyl-dithio) proprionate.Iv" In general homobifunctional reagents are used in one step procedures, whilst heterobifunctional reagents are used in two step procedures with the two reactive groups requiring different conditions for activation. In principle the two step approaches should result in better control of the conjugations and less unwanted crosslinking.
Of the homobifunctional reagents parabenzoquinone and glutaraldehyde can both be used in a two step manner, in the former case two different pHs are required to activate the two active groups and in the latter excess glutaraldehyde can be removed by washing prior to addition of the protein.":" CD! (R-N=C=N-R') can be homo or heterobifunctional depending on whether Rand R' are the same. Reactive agents can also be used to introduce spacers or bridges which can reduce steric hindrances and orientation difficulties and provide a higher proportion of active ligand compared with passive adsorption.
The selection of a bifunctional agent will depend on the ligand chemistry and the latex particle type to be used and in general the stability of the final latex reagent depends upon the use of an aqueous chemistry. The use of non-aqueous solvents as with the mixed anhydride reaction can cause flocculation of the particles during the reaction;" Other coupling chemistries have also been used, some to address particular interferences such as rheumatoid factor. 56 Finally. there can be special difficulties associated with the coupling of monoclonal antibodies to latex particles, leading one group to file a patent application for their process. 79 ,8 1 The essential difficulty being that alterations in coupling conditions are required for each monoclonal antibody whereas polyclonal antibodies are more robust and a single coupling protocol may suffice.
Universal reagents
Protein A (a cell wall protein from the bacteria staphylococcus aureus) and Protein G, which have been used for the affinity purification of immunoglobulins, can be coupled to particles to prepare a universal reagent. 80 The very avid binding of these proteins for immunoglobulins should enable stable protein A/G-immunoglobulin particles to be prepared but there has been little published work in this area. There could be problems with non-specific aggregation if reaction conditions are such that dissociation of the protein A/G-immunoglobulin complex is promoted sufficiently for sample immunoglobulins to displace the antibodies on the particle. The attraction of a 'universal particle reagent' to a commercial user are obvious, a single reagent production line, which with the economy of scale would provide a cheaper reagent. Careful investigation of the particle complex stability is required due to the immunoglobulin sub-class specificity of protein A/G which results in different affinity constants for different subclasses. An additional advantage of this approach is that these proteins bind to the Fe portion of immunoglobulins and would optimally orientate them for an aggregation reaction. However, in some unpublished work we have not found any significant advantage for protein A coupled particles versus covalently coupled with regards to antibody activity, but there remains the commercial advantage of the preparation of a single covalently coupled reagent.
Streptavidin coated particles in conjunction with biotinylated antibodies offer some simplification of particle manufacture." The high affinity constant of the streptavidin-biotin reaction should make this a highly stable complex, but there is as yet little published data concerning its practical utility.
Thus although there is the potential to produce universal reagents there is little evidence of any serious investigation of this potential. This may well be related to the subjective feeling that direct covalent coupling will always have an advantage in terms of particle stability.
Coupling to sol particles Colloidal gold sols are stabilized against electrolyte induced flocculation by non-covalent adsorption of macromolecules. Adsorption is influenced by particle size, ionic strength, the amount of protein added and its molecular weight. Ionic strength is kept low, buffer salt concentration of less than 10 mM, and pH is controlled so as to be at values close to, or slightly basic to, the isoelectric point of the protein to be coupled. For antibodies pHs in the range of 9-9' 5 are optimal. The reaction period is usually a matter of minutes, after which a secondary stabilizer is added to minimize possible nonspecific aggregation and to block remaining adsorption sites. Stabilizers include polymers such as Carbowax 20M or polyvinyl pyrrolidone. Before a gold sol can be used purification and concentration is required, usually by centrifugation, to remove any free antibody.P As with latex particles universal reagents can be prepared using protein A/G or streptavidin. This has been used extensively in labelling for immunohistochemistry studies. 63 Coupling to erythrocytes A variety of coupling techniques have been used with CrCl 3 activation of the cell surface favoured by Coombs et a/.,66 but other groups recommend tannic acid pre-treatment. 64 Assay detection limits can be improved by coupling to RBC following limited protease (e.g. chymotrypsin) treatment prior to tannic acid or CrCl 3 activation, however RBC from different species react in different ways, and enhancement of coupling is observed in only a few.
Chromic chloride coupling requires careful attention to the isomeric state of the ion, and reaction pHs are usually slightly acidic with polyclonal antibodies, but will vary according to pI with monoclonal antibodies. The chromium ion forms polynuclear complexes but the association of protein with RBC cannot really be described as covalent attachment, glutaraldehyde treatment following CrCl 3 can however achieve this and also enhance reagent stability.
Stability of antibody coupled RBC has been a limiting factor in the use of these assays. Fresh RBC conjugates can be stored for up to 3 weeks at 4°C, and enzyme treated cells can be stored for 2-3 months. Some but not all conjugates can be freeze-dried without loss of activity and stored for an even longer period.
ANTISERUM SELECTION
Selection of an appropriate antiserum is essential to the optimal performance of an aggregation immunoassay. The importance of antibody avidity and other characteristics has been well discussed in previous reviews.l-P For polyclonal antisera the immunoglobulin species may well be as important to the optimization of particle assays as the avidity or titre. There are slight differences in pl between immunoglobulins of different species and this can lead to alterations in particle reagent stability and performance. Our group has found that higher reaction pHs are required with rabbit immunoglobulins than with goat. 38, 39 In addition, whilst it may be possible to couple high titre antiserum directly to particles, the use of immunoglobulin fractions enables closer control of active antibody loading.
Agglutinating monoclonal antibodies are not as easy to identify as a suitable polyclonal antiserum. Knowledge of the epitope recognized enables mixtures of monoclonals to be prepared, but the development of a liquid phase or gel based aggregation assay is the ultimate test of utility. Having identified an aggregating monoclonal, or mixture of monoclonals, coupling to particles is not as straight forward as for polyclonal antisera. The same necessary approach is followed but more individual optimization of coupling conditions may be necessary. 79 
REAGENT STABILITY AND COVALENT VERSUS NON-COVALENT COUPLING
The choice between non-covalent and covalent coupling techniques has largely depended upon the availability of suitable particles and simple coupling chemistries. There have been two general approaches to reagent stability, first,the binding of antibodies to latex particles by non-covalent means is of such high affinity that little will ever leach off; secondly, on a theoretical basis covalent coupling is worth persevering with as it ought to provide a more stable reagent. There has been little comparative data to provide a definitive answer to this problem. We have identified two direct comparison studies of covalent versus noncovalent coupling in addition to our own. 4O,56,82
Limet et al. showed that a greater number of molecules of antibody were coated onto a particle by adsorption but that proportionally they were less immunoreactive. 56 Using covalent coupling they demonstrated a calibration stability in excess of 4 months. Kapmeyer et al. showed similar results, using a different particle and coupling chemistry." They also demonstrated that detergent (Tween 20 in this case) eliminated adsorptive coupling (but not covalent) and even if not present during coupling could elute antibody adsorbed onto the particle surface.
In our own work we demonstrated increased reagent stability for covalently coupled antibody versus non-coupled antibody." A survey of the world literature provides evidence for the stability of covalently coupled reagents over a period of nearly 2 years, but the available publications for non-covalently prepared reagents have not evaluated reagents over such a time period,37-4O,56,82-84 This is supportive, albeit indirect, evidence for the second of the above hypotheses, that covalent coupling provides the more stable reagent. Further supportive evidence comes with the instability of non-covalent reagents in the presence of high concentrations of detergents; this is not a problem with covalently prepared reagent and as such the latter will be more suitable for use in apo-lipoprotein assays.
A further advantage of covalent coupling is that it is applicable to the preparation of hapten linked reagents. Coupling of haptens such as thyroxine or digoxin has to be via covalent linkages if suitable washing regimens are to be used to remove the excess haptens prior to use in an assay. 85,86 ASSA Y OPTIMIZATION Latex particle Optimization of latex-particle enhanced assays is very similar, in approach, to that taken in any immunoassay. Buffer molarity, pH, protein, PEG and detergent concentrations need to be selected as does the amount of antibody (both amount of particles and the loading of antibody). The number of antibody molecules per particle will depend upon the particle size, for a 40 nm particle it is approximately 30 molecules (Newman DJ, Medcalf EA, Price CP, unpublished observations) and for a 180 nm approximately 100 molecules. 40 Compared with non-enhanced light scattering assays there is a reduced requirement for PEG (1-2% final concentrations) but the overall reaction kinetics are very similar to non-enhanced assays.F Sample volumes are usually in the range 3-5 p.L to minimize non-specific aggregation (NSA). To reduce NSA further serum based assays usually require high molarity buffers (100-150 mM final concentration) containing a protein, such as bovine serum albumin (BSA), and possibly a chaotropic agent (one that disrupts hydrophobic interactions) such as NaCI. 88 Selection of assay pH depends upon the latex particles and species of antiserum used, and can range from pH 6 up to at least 10,37-39,88, 89 We have observed that the pH optimum for a particular antiserum will not necessarily be the same when it is used in non-enhanced and enhanced formats. The selection of a detergent can also have powerful effects on specific and non-specific aggregation. In general, the detergents used in reaction buffers tend to be of the same type as those used in particle synthesis. Their concentrations need careful optimization as excess detergent inhibits the antibody: antigen reaction. The aim is to balance producing a stable antibody particle reagent and not producing a zeta-potential that is high enough to inhibit the antibody: antigen reaction. Detergents help by maintaining the surface covering of negative charge on the particle which prevents non-specific protein interactions. Use of detergents in PETINIA assays has been suggested to enhance assay sensitivity.
Assay reaction times are of the same order as non-enhanced assays, apparent equilibrium is reached in < 10 min, using turbidimetry and nephelometry. It should be emphasized that equilibrium and equivalence points in these assays are illusory. They are produced not only by the classical Heidelberger-Kendall immune aggregation phenomena, but are also produced optically when a signal change exceeds the optical limits of the measuring system. However a PCS detection system can continue to monitor changes in aggregate sizes beyond the plateau observed in turbidimetric assays.90 Care is required when changing reagent and sample proportions, but this is a problem only for particle enhanced assays.
If nephelometric detection systems are used, then sample pre-dilutions will probably stilI be required if they were needed with non-enhanced systems. The choice of reaction time is dependent, as with all immunoassays, on the desired assay performance. Longer reaction times have been used in PACIA and PCS assays, providing greatly enhanced assay detection limits. In general, this approach is not used with turbidimetric and nephelometric detection systems. The use of kinetic rate analysis has been suggested to improve assay precision (and thus putatively detection limits) and working ranges but this nephelometric system requires high sample predilutions."
Non-specific aggregation reactions in latexparticle enhanced assays are often caused by interference from rheumatoid factor. 56,91 These immunoglobulins have long been known to cause interference in all types of immunoassay by binding to the Fe regions of immunoglobulins thus causing aggregation. Various ways have been found to eliminate this interference, predominant amongst which is the use of Fab fragments instead of intact immunoglobulins. This has been successfully demonstrated by Limet et al. in their PACIA assay format. 54 Alternative approaches to eliminating rheumatoid factor interference have included pre-treatment steps such as heating the sample with mercaptoethanol or dithiothreitol and preincubation with a protease such as pronase. There have also been recommendations that the use of a high pH assay buffer is effective in eliminating this kind of interference.P
Gold sols
The general approach is similar to that taken with latex particle assays. The major optimization is the amount of antibody on the particle and the diluent used to perform the aggregation reaction. Due to the extremely high surface area of the gold sols it has proved extremely difficult to produce serum based assays but urine assays have been successfully optimized (see later section).
Erythrocytes
A variety of factors can cause non-specific agglutination of RBC that are unique to this particle type, e.g., the presence of isohaemagglutinins, heterophilic antibodies, lectins and lectin-like substances, antiglobulins such as rheumatoid factor and Fc binding proteins. Careful attention to assay pH, salt concentration, etc., as described previously for latex assays also applies but sample dilution remains of paramount importance.
NON-SPECIFIC AGGREGATION
This has been the major problem that particle based assays have had to overcome. The actual presence of, and also the expectation of, nonspecific-aggregation (NSA) has been one of the main reasons that, until recently, latex particle assays were considered to be only semi-quantitative at best. 33 NSA can be caused by a variety of factors and is an all inclusive term for anything other than the specific immunological reaction that causes aggregation of ligand coated particles. Aggregation is provoked when opposing electrostatic and hydrophobic interactions between particles are neutralized.Fo" Thus, altering assay reaction pH can neutralize particle surface charge and zeta-potential and cause aggregation. This can be prevented by using buffers of suitable pH and molarity. 92 Serum proteins probably cause the most profound NSA effects, but then serum matrix effects are pronounced in all forms of immunoassay and not just particle based ones. 94 -96 The heterogeneous nature of serum proteins will ensure that some proteins will have the right pI and or hydrophobicity to cause agglutination of particles. Standard immunoassay procedures for reducing non-specific-binding and matrix effects can be used to achieve the same end with particle assays. Thus proteins such as BSA can be added to the assay buffer as can detergents and chaotropic agents such as NaC1. 97, 98 With careful selection of the particle surface chemistry and optimization procedures NSA can be eliminated to frequencies similar to non-specific reactions found in other immunoassays. The potential for reducing NSA is probably greater if covalent coupling of ligands is used as the greater stability of the particle reagent allows more extreme assay conditions to be used, such as higher concentrations of detergent in apolipoprotein assays. Table 7 gives an idea of the range of analytes measured by particle enhanced immunoassays.
APPLICATIONS
Qualitative assays
There are still a large number of qualitative or semi-quantitative particle assays in commercial production. Most of these assays as shown in Table 7 are involved in the diagnosis of infectious diseases but due to the very rapid analysis times various protein antigens are still routinely measured with slide base latex tests. This form of analysis is extremely rapid and simple and is thus suitable for extra-laboratory analysis. This Increased turbidimetric signal obtained using particle enhancement (latex particles in this case). FIGURE 5. Improved calibration stability for covalently linked antibody-particle reagents. (a) Nonenhanced turbidimetric assay for IgG, antibody reagent diluted and stored at 4°C; (b) an enhanced latex assay, using the same antibody, with antibody reagent stored as above; (c) a urine albumin assay using latex particles. Absorbance changes ofcalibrators are monitored over an 8 month period. signal response (leading to increased assay detection limits), an improved working range ( Fig. 4 ) and a much improved reagent stability ( Fig. 5 ). 37, 38, 39 There can be little dispute over the former but with regards to reagent stability there can be some disagreement. First, there is the difference between particle types and between covalent and non-covalent coupling, both of which have been discussed previously. RBe still suffer from the heterogeneity of their cell surface and on average poorer assay sensitivities. Gold sols show good assay sensitivities and reagent stability but are extremely prone to non-specific serum effects.F Latex particles which form the most heterogeneous and numerous of these groups in general show better reagent stability, especially when using covalent coupling techniques, good assay detection limits and less non-specific interferences if the appropriate surface chemistry and diluent are used.
There have been relatively few published stability studies and when evaluating commercialized systems the manufacturers data sheets are all we have to compare. Kapmeyer particles with covalent linkage of the antibody. The Litchfield particle reagents are stable as a liquid reagent for 1-2 years but the Kapmeyer reagent (Behring) is stored freeze-dried and should be used within a week of reconstitution. The Litchfield calibration curve on open reagents is stable for many months whereas the Behring curve is only stable for a week (Fig. 5 ). The reasons behind these differences are complex, as both reagents are presumably performing satisfactorily within the above constraints but this shows how important particle and diluent selection can be. Some non-covalent particle systems have calibration stabilities in excess of the Behring reagents, as indeed do some non-particle systems.
The advantage of increased stability is the decreased usage of the expensive calibrator material; such reagents should thus be more economical to use. There is an added cost advantage with at least latex particle enhanced assays, and that is that they make more economical use of the antisera, not only by requiring less calibration but also by using less antisera per test.~8, 82 Within assay imprecision for particle enhanced assays is of a similar order to non-enhanced systems, < 2-51lJo CV depending upon the concentration range. The most sensitive particle system that has been commercialized is the IMPACT particle counter, but there has been a troubled history that suggests difficulties with the particle reagent itself. At the present time there are no commercialized particle assays utilizing PCS or ELS detection systems. The difficulty with comparing detection systems is that the reaction times of the assays involved range from 5 to 120 min or more. The question is whether assays developed using nephelometric and turbidimetric detection systems can be made more sensitive by increasing their reaction times to those used for PCS and particle counting. The evidence currently available suggests that this is unlikely, but as has already been discussed direct comparison is often difficult because different particle sizes are appropriate for different detection systems and as work continues to examine new particle systems, e.g. Seradyn, the detection limits for nephelometric and turbidimetric assays is continually being reduced;"
The working or dynamic range of particle assays is determined by three factors; the detection system, the particle size and concentration and finally the amount of active antibody in the reaction volume. Nephelometry stands out from the other detection systems in being a relative technique, the scattering interval monitored being dependent upon the scaling (amplification) factor applied. This will result in the optical dynamic range for nephelometric assays being less than that for other detection systems which rely on absolute measurements and whose limitations are determined by the optical and electronic characteristics of the instrument concerned. Fora fixed scattering intensity, absorbance or particle number, a small particle suspension will have a greater surface area available for coupling antibody. Thus with optimal antibody coupling a greater amount of antibody is available providing a wider immunological working range. Aside from these generalizations the working range and detection limits for particle assays are determined in the same manner as for any other immunoassays, by optimizing the system with particular constraints in mind.
FUTURE PROSPECTS
There are a variety of other particles that have been used in aggregation assays including liposomes, colloidal dyes and metal oxides. 25 ,106,I07 None of these have offered as much as the current latex particles in terms of assay detection limits and reagent stability. The search for new and better particles continues, especially enhancing the refractive index of small particles, sub 50 nm, but there are other groups taking the opposite approach and looking at larger particles in the infra-red region of the light spectrum.F The ideal particle is shown in Fig. 6 . The ideal size of the particle will depend upon the instrumentation used, but the size distribution must be narrow, preferably less than 5070. The particle should have a stable activated surface and the stability of the final reagent should be in excess of one year. The 'ideal particle reagent', as discussed, also requires a perfectly optimized diluent, something that is not as simple to describe as the particle itself.
Some future directions have already been mentioned such as the use of infra-red light scattering and large latex particles.f Other potential advances include the use of electrical pulses or ultra-sonics to accelerate aggregation assay.l'" the use of microtitre plate assays to reduce the need for expensive optical monitoring systems and ultimately the use of whole blood rather than serum sarnples.P"'!'
Stable active graup
Hillh refractive index core Small size relative to wavelength FIGURE 6. Theoretical ideal particle for turbidimetric and nephelometric light scattering assays.
More sophisticated advances are to be expected with the use of new detection systems that have been developed for optical biosensor work. Evanescent wave technology is well advanced with successful sensor based assays developed, as yet using non-particle enhanced technologies. I 12-1 16 Surface plasmon resonance (SPR) is also being promoted, with successful sensors developed, and this technique has been mooted as having increased potential if allied to particle technology. II7 Finally, there is the allied technique to SPR, ellipsometry, which has been suggested to be potentially more sensitive than SPR and evanescent wave technologies, even without particle enhancement. 118 CONCLUSION Light scattering assays are now well established for the quantitation of proteins with a practical detection limit of about 50 mg/L, in the sample. The benefits of particle enhancement for the measurement of proteins have demonstrated some of the unique advantages of light scattering immunoassays and has opened up new areas of application. The use of latex particles has enhanced the assay range, of light scattering immunoassay, by at least three orders of magnitude, with sample concentrations of 500 /Lg/L being measured with good precision. However, most importantly these have been the first homogenous immunoassays for proteins that have been successfully commercialized. Furthermore the sensitivity of the assays are now comparable with RIA in many cases and therefore fill a gap in the continuum of analytical techniques for the protein chemist.
The experience gained with proteins has also been applied successfully to haptens and the performance of these assays are comparable with other non-isotopic techniques, e.g., EMIT™ and FPIA. One of the benefits of the latex labelled approach is the provision of robust reagents resulting from immobilization of the immunoreactants onto a solid phase.
We have attempted to produce an up-to-date review of particle enhanced light scattering immunoassay that allows a comparison to be made between the competing technologies. The major advances that have been made relate to an improved understanding of particle surface chemistry and its interaction with the surrounding mileu. Despite the long standing history of particle assays there is still a long way to go before their limits are reached, with many exciting developments to be expected in the next few years.
